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A new type of nanoparticle-containing glasses based on borate glasses co-doped with low contents of iron and larger radius elements, Dy, Tb, Gd, Ho, Er, Y, and Bi, is studied. Heat treatment of these glasses results in formation of magnetic nanoparticles, radically changing their physical properties. Transmission electron microscopy and synchrotron radiation-based techniques: x-ray diffraction, extended x-ray absorption fine structure, x-ray absorption near-edge structure, and small-angle x-ray scattering, show a broad distribution of nanoparticle sizes with characteristics depending on the treatment regime; a crystalline structure of these nanoparticles is detected in heat treated samples. Magnetic circular dichroism (MCD) studies of samples subjected to heat treatment as well as of maghemite, magnetite, and iron garnet allow to unambiguously assign the nanoparticle structure to maghemite, independently of co-dopant nature and of heat treatment regime used. Different features observed in the MCD spectra are related to different electron transitions in Fe 3þ ions gathered in the nanoparticles. The static magnetization in heat treated samples has non-linear dependence on the magnetizing field with hysteresis. Zero-field cooled magnetization curves show that at higher temperatures the nanoparticles occur in superparamagnetic state with blocking temperatures above 100 K. Below ca. 20 K, a considerable contribution to both zero field-cooled and field-cooled magnetizations occurs from diluted paramagnetic ions. Variable-temperature electron magnetic resonance (EMR) studies unambiguously show that in as-prepared glasses paramagnetic ions are in diluted state and confirm the formation of magnetic nanoparticles already at earlier stages of heat treatment. Computer simulations of the EMR spectra corroborate the broad distribution of nanoparticle sizes found by "direct" techniques as well as superparamagnetic nanoparticle behaviour demonstrated in the magnetization studies. Nanoparticles as model objects offer large possibilities of studying the evolution of physical properties of matter under the transition from the nanoscopic state (diluted ions, small clusters) to the macroscopic one. From the practical viewpoint, the growing interest in nanostructures including magnetic nanostructures is supported by the perspectives of their application in modern high-technology devices. Several reviews, e.g., Ref. 1, and numerous research papers are dealing with magnetic properties of nanoparticles dispersed in various matrices. Considerable attention paid to magnetic nanoparticles arising in glasses doped with paramagnetic additives [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] is due not only to the great fundamental and practical importance of such nanoceramic materials but also to their advantages comparing to thin films or bulk crystals. Glass fabrication is distinguished by simplicity and low cost, and it can be easily adapted to make samples of any shape and size.
The properties of glass materials are governed by thermal treatment conditions and additive contents. 19 Usually, high concentrations of additives (20-40 mass%) are necessary for the formation of magnetic particles in the glasses. As a consequence, the glasses lose their most attractive property-optical transparency. However, some glass systems, partially devitrified under heat treatment, elude this rule; indeed, nanoparticles of lithium ferrite LiFe 5 O 8 in lithium borate glass containing less than 1 mass% Fe 2 O 3 (Refs. 21 and 22) and maghemite (c-Fe 2 O 3 ) nanoparticles in silica-gel glass with the Fe/Si molar ratio of 2% (Ref. 23 ) were identified by electron magnetic resonance (EMR). A ferrimagnetic contribution to the magnetization was observed in calciumsilica-phosphate glass ceramic containing 5 wt. % Fe 2 O 3 . 15 In potassium-alumina-borate glasses co-doped with iron and manganese, magnetic nanoparticles were detected with highresolution electron microscopy 24 beginning with 1.5 mass% of Fe 2 O 3 and 1.0 mass% of MnO in the glass synthesis batch. After heat treatment, these glasses acquire a non-linear magnetic field dependence of magnetization with hysteresis and magnetic saturation. At the same time, they retain a high transparency in a part of the visible and near infrared (IR) spectral range and demonstrate strong magneto-optical Faraday rotation (FR). In glasses co-doped with 3d (transition) and 4f (rare earth, RE) elements, one may expect the formation of nanoparticles containing both 3d and 4f ions. However, in spite of a great fundamental and practical importance of such systems, in particular, from the viewpoint of the magnetooptical efficiency, only few studies have been reported in this field.
In a recent paper 25 devoted to magnetic properties including dc and ac susceptibilities and magnetic aging effects in aluminum-borate glasses doped with high concentrations of iron and RE ions (RE ¼ Sm, Gd, and Tb), a possibility of iron ions forming magnetic clusters is suggested but the formation of magnetic nanoparticles is not considered. On the other hand, it has been shown 26, 27 that potassiumalumina-germanium-borate glasses co-doped with relatively low concentrations (about 5 mass% in the total) of Fe 2 O 3 and RE 2 O 3 have a tendency towards the magnetic nanoparticle precipitation while remaining transparent in the visible and IR spectral range and demonstrating a large Faraday rotation. Magnetic nanoparticles of different shapes and sizes have been observed with transmission electron microscopy (TEM) in samples subjected to a particular heat treatment regime. The major parts of iron and RE ions have been shown to gather inside the nanoparticles, and the latter have been shown to be crystalline. Meanwhile, no unambiguous data on the crystal structure of the nanoparticles could be obtained in these studies as far as only one or two reflexes have been observed in the microdiffraction patterns. On the basis of the composition of paramagnetic ions introduced into the glasses, either garnet-or spinel-type nanoparticle structures are expected in this system. In both structures, the 3d ions occupy octahedral and tetrahedral sites while the 4f ions are located in dodecahedral sites in garnets and substitute for Fe 3þ ions in octahedral sites in spinels. In both cases, the 4f ions undergo magnetic ordering only at low temperatures; therefore, room-temperature magnetic and magneto-optical properties of the glasses are mainly due to the 3d ions. In accordance with certain studies, e.g., see, Refs. 14, 18, and 20, one could also expect the formation of hematite nanoparticles, in which case Fe 3þ ions in octahedral sites are antiferromagnetically coupled, and the total magnetic moment is related to the canting angle between individual magnetic moments of adjacent ions.
The characteristics of the magneto-optical spectra in the d-d transition range are helpful for the identification of the nanoparticle nature and crystalline structure. In this context, particularly informative is the magnetic circular dichroism (MCD), 28 as far as it is observed for photon energies corresponding to transitions between ground and excited states of an ion in the crystal field (CF), highly sensitive to the magnetic ion site symmetry. The MCD spectroscopy is widely used to study the detailed electronic structure of RE ions dispersed in different compounds (e.g., Refs. [29] [30] [31] . At the same time, only few publications are available on the MCD of magnetically ordered substances, and they mainly concern yttrium iron garnets (e.g., Refs. 28 and 32). Only in a recent paper, 33 a room temperature MCD spectrum has been presented of Co doped fine maghemite (c-Fe 2 O 3 ) nanoparticles dispersed in SiO 2 matrix.
Among various techniques used in the studies of magnetic nanoparticles, the EMR has a very special part because of its sensibility to both the nanoparticle magnetic structure and morphology. However, extracting such information from experimental EMR spectra requires detailed numerical simulations.
The aim of this paper is to gain insight into the nature of nanoparticles formed in the glasses in relation to doping and heat treatment conditions. We have applied the MCD and the EMR together with the TEM and synchrotron radiationbased x-ray diffraction (XRD), extended x-ray absorption fine structure (EXAFS), x-ray absorption near-edge structure (XANES), and small-angle x-ray scattering (SAXS) techniques to address the problem of identification and structural characterization of magnetic nanoparticles in potassiumalumina-germanium-borate glasses doped with Fe 2 O 3 and co-doped with RE 2 O 3 or simultaneously with Bi 2 O 3 and Y 2 O 3 . The Bi 3þ ion itself or in combination with Y 3þ is often introduced to ferrite garnets and spinels in order to modify their magneto-optical properties, e.g., see Ref. 32 . Besides, we have studied magnetic properties, viz., field and temperature dependences of the magnetization for different co-dopant ions and heat treatment regimes. Considerable attention has been paid to as-prepared glass samples in order to monitor early stages of the nanoparticle nucleation.
The paper is arranged as follows. In Sec. II, we describe the sample preparation and experimental techniques employed. In Sec. III, TEM, XRD, EXAFS, XANES, and SAXS data are presented and discussed. In Sec. IV, we focus on MCD spectroscopic studies of samples subjected to heat treatment as well as of maghemite, magnetite, and iron garnet. Section V deals with temperature and magnetic field dependences of the static magnetization. In Sec. VI, we address experimental EMR data and computer simulations of the EMR spectra.
II. EXPERIMENTAL DETAILS
Glasses of the basic compositions (in mass%) 25 O 3 , were loaded in the charge in respective concentrations of ca. 3.0 and 0.3-2.0 mass% over 100 mass% of the basic composition. The mixtures were melted at 1100-1300 C under oxidizing conditions. The melt was poured onto steel sheets, and glass plates were naturally cooled down to 380 C in air and then kept at this temperature for several hours. The fabricated samples of each composition were cut to several pieces and subjected to additional treatments in different regimes. The treatment temperatures have been chosen based on thermo analytical studies using synchronous thermal analysis (STA) with a STA 449C Jupiter instrument (Netzsch) recording differential scanning calorimeter (DSC) signals in a continuous flow of pure argon in standard platinum STA crucibles (6.8 mm in diameter, 3 mm high, and having a micro hole in the lid). The heating was performed up to 1050 at a rate of 10 C/ min. Glass transition temperatures, T g , appeared to be very close to each other for all glasses, e.g., for sample 1.3 T g ¼ 420
. As temperature increased above 600 , in the DSC curve numerous small peaks gradually appeared due to crystallization of different small regions of the glass matrix of complex composition. Thus, the temperature range between 520 and 600 was chosen for the thermal treatment of the glasses. The glass compositions together with the treatment conditions are summarized in Table I .
The glass compositions have been tested using x-ray fluorescence analysis. As an example, the results for Fe and Dy containing glass for K a and L a excitations are shown in Table II . The component concentrations are very close to those of the initial components in the charge. Note that Table II shows absolute dopant (element) concentrations while Table I shows the additive (oxide) contents above 100% of basic glass composition.
The visualization of particles formed in the glasses was carried out with the high resolution transmission electron microscope (HRTEM) JEM-2010 with 0.14 nm resolution and 200 keV accelerating voltage. The crystal phase identification was performed by the phase contrast technique and the selected area electron diffraction (SAED) with spatial resolution up to 100 nm. Energy-dispersive atomic x-ray (EDXA) spectra were used for the elemental analysis. The spatial resolution used in this case was about 10-25 nm. For the HRTEM studies, the samples were ground in ethanol, deposited on perforated carbon substrates attached to a standard copper grid, and placed into the microscope chamber.
The EXAFS/XANES spectra, XRD patterns, and SAXS curves for several representative samples were measured at the "Structural Materials Science" beamline 34 in the Kurchatov Synchrotron Radiation Centre (Moscow, Russia). The electron storage ring Siberia-2 was operating at electron energy of 2.5 GeV with an average current stored of 100 mA. A Si(111) channel-cut monochromator was used to monochromatize the incident synchrotron beam. The Fe Kedge and Ho L 3 -edge x-ray absorption spectra (EXAFS and XANES) were measured in the fluorescence yield mode with a Si avalanche photodiode placed in front of a sample normal to the synchrotron beam. Several scans were averaged to improve the signal to noise ratio with the total measurement time of 6-8 h per spectrum. The IFEFFIT software package 34 was used for data processing and curve fitting according to standard procedures for background removal, normalization, Fourier transformation, and curve fitting with FEFF 34 ab initio theoretical phase and amplitude functions.
The x-ray diffraction data were acquired in the transmission (Debye-Scherrer) mode at the wavelength k ¼ 0.696585 Å using a 2D Fuji film imaging plate detector; the sample-to-detector distance was 100 mm and the exposure time was about 20 min per sample. The SAXS curves were measured with a 1D gas proportional detector using a sample-to-detector distance of ca. 1000 mm at the wavelength k ¼ 1.181 Å (below the Ge K-edge to reduce the fluorescence background). Silver behenate was used as an angular scale reference. The exposure time was about 1 h per sample. The particle size distribution was retrieved by the indirect Fourier transform algorithm implemented in the software code GNOM 35 under the assumption of a polydisperse distribution of hard spheres. For the analysis, the scattering on as-prepared glass was subtracted from the respective curves for heat treated samples after appropriate intensity normalization, see discussion below.
The optical and magnetooptical measurements were made with optically smoothed 0.03-0.08 mm thick samples. In order to perform measurements in the UV spectral range, we needed samples of minimal possible thickness. The difference in thickness was due to the fact that depending on the nature of co-dopant, the samples had different hardness and as a consequence, different damage threshold.
Fe 3 O 4 , c-Fe 2 O 3 , and Y 3 Fe 5 O 12 thin films were used as reference samples. The MCD was measured as a difference (Dk) between the absorption values for the light waves clockwise (k þ ) and counter-clockwise (k -) polarized with respect to the direction of an external magnetic field normal to the sample plane. The MCD spectra were measured in the energy range of 1.25-2.8 Â 10 4 cm À1 and the temperature range of 80-300 K in the magnetic field of 0.25 T by modulating the light polarization with an elastic-optical modulator. The accuracy of measurements was ca. 10 À4 cm À1 , and the spectral resolution was ca. 50 cm À1 . FR was measured in a lower-energy spectral part using zero method with an accuracy of 0.1 min. The FR sign was determined with respect to the FR of a high purity quartz sample taken as positive, as usually accepted. The magnetic properties of the glasses were studied with the Quantum Design Magnetic Property Measurement System MPMS XL operating in the 1.9-300 K temperature range in the applied magnetic field up to 5 T.
The EMR spectra were recorded in the temperature range from ca. 4 to 300 K at the X band (9.46 GHz) with a Bruker EMX spectrometer equipped with the ER4112HV variable temperature unit. The spectra of as-prepared and heat treated samples were analysed by means of computer simulations using laboratory-developed codes.
III. STRUCTURAL CHARACTERIZATIONS
In the TEM images of as-prepared glasses, no features are observed that could be ascribed to the occurrence of nanoparticles. In contrast, for all heat treated samples the TEM images show distinct spots of density different from that of the glass matrix, attesting for the presence of magnetic particles. Typical TEM image of the glass fragment is illustrated in Fig. 1 . For most samples, aggregates of several particles of 10-30 nm in size are observed see Fig. 1(a) ; besides, small isolated particles can be seen. The nanoparticles are predominantly rectangular in shape; however, needle-shaped particles occur as well. As follows from the EDXA spectra, the elemental compositions of the glass fragments and of the particles significantly differ. The EDXA spectra for sample 6, Fig. 2 , indicate that both iron and RE elements predominantly are gathered in the region of the particles. Similar results hold for other heat treated samples.
The high resolution image of a particle shown in Figs Manifestly, these data are insufficient for an unambiguous identification of the nanoparticle crystal phase.
The XRD patterns for as-prepared glasses show only broad halos arising from the vitreous matrix while those of different heat treated samples, e.g., see Fig. 4 , display series of relatively narrow peaks. The positions of these peaks remain nearly the same in all heat treated samples, whereas their relative intensities and widths depend on the co-dopant and the heat treatment regime. As shown in detail in Fig. 5 , these peaks can be indexed on a cubic lattice with parameter a in the range of 8.32-8.37 Å . Thus, the nanocrystalline phase emerging in the glass under heat treatment can be identified either as maghemite or magnetite. As both maghemite and magnetite possess a spinel structure, no Table I . Fig. 5 . The obvious absence of any distinct peak in this angle range allows us to definitely rule out the formation of garnet-and hematite-type nanoparticles in the actual case. Fig. 6 compares the XRD patterns for two series of samples with nominally identical compositions but subjected to different heat treatments. One can see that with the increase in the treatment temperature and duration the diffraction peaks grow in intensity and narrow, suggesting either an increase of the nanoparticle size or an improvement of crystallinity or both. A similar trend is observed as a function of the co-dopant nature, e.g., cf. curves 1.3 and 2 in Fig. 4 .
The average nanoparticle sizes, L, have been estimated from the [440] XRD peak broadening by means of the Scherrer equation, taking into account the instrumental broadening. The a and L values for nanoparticles in different samples are listed in Table III . The L values correlate with those obtained from TEM images. It is seen that the increase in the treatment temperature and duration results in decreasing the lattice parameter and increasing the average nanoparticle size.
In a more detailed way, the nanoparticle sizing has been obtained from the SAXS, e.g., see Fig. 7 . For as-prepared glass, the SAXS curve, see Fig. 7 (a), can be represented on a log-log scale as a nearly linear decrease with a slope close to À4 followed by a plateau (a relatively weak and nearly constant intensity) for scattering vectors s > 0.05 Å À1 . This behaviour can be explained assuming that the glass structure at the mesoscopic level includes heterogeneities with dimensions much larger than 150-200 Å and thus, the small-angle scattering occurs in the Porod asymptotic regime. 36 The scattering for s > 0.05 Å À1 can be due to isotropic fluorescence of iron atoms. Both heat treated samples show SAXS curves completely different from that of as-prepared glass, with considerably higher integral scattering intensities manifestly due to the presence of nanoparticles. The size distributions of scattering centres (nanoparticles) in heat treated samples, obtained by indirect Fourier transformation, are shown in Fig. 7 (c). These distributions are obviously asymmetrical, with most probable radii about 20-35 Å and right-side wings extending up to 200-250 Å . For sample treated at 600 C, the main maximum shifts slightly to smaller sizes but the largerparticle wing becomes much more prominent. These data suggest that the apparent increase in the crystallite size with the heat treatment temperature, cf. Table III , is mainly due to broadening of the particle size distribution towards larger sizes.
The evolution of local atomic environment of iron and the co-dopant atoms brought about by heat treatment has been assessed by x-ray absorption spectroscopy (EXAFS and XANES). According to the Fe K-edge XANES data, the oxidation state of iron is close to þ3, although the shape of the XANES spectra depends on heat treatment regime, see Fig. 8(a) . The distinct pre-edge peak at ca. 7110 eV 
indicates a significant contribution of iron ions in noncentrosymmetric coordination. The height of this peak in asprepared glass is only ca. 0.11 with respect to the height of the absorption edge step, whereas for a perfect tetrahedral environment it is expected to be significantly higher (0.15-0.18). 37, 38 This implies that a part of iron ions in as-prepared glass are in distorted fourfold or sixfold coordinated sites or, perhaps, in fivefold coordinated sites. 39 In the course of heat treatment, the intensity of this peak slightly decreases and the whole fine structure of the spectrum becomes similar to that of a spinel-type iron oxide (maghemite or magnetite).
The Fe K-edge EXAFS Fourier transform for as-prepared glass, as expected for the vitreous state, shows only one peak corresponding to the distance between the iron ion and its nearest oxygen neighbours at ca. 1.88 Å , Fig. 8(b) . For heat treated samples, the experimental data show two Fe-O bond distances, 1.88 and 2.05-2.10 Å , related, respectively, to tetrahedral and octahedral sites in the spinel structure. The peaks corresponding to Fe…Fe interatomic distances, at ca. 3.0 and 3.5 Å , become apparent only for heat treated samples, and their values are quite consistent with the spinel-type structure. Meanwhile, as well as in the case of the XRD data discussed above, the x-ray absorption cannot unambiguously distinguish between maghemite and magnetite structures.
An interesting finding is that no distinct changes in the local environment of RE ions occur as a function of the heat treatment temperature and duration. Indeed, neither the XANES nor the EXAFS, see Figs. 9(a) and 9(b), show significant difference between samples 3.1 and 3.3, cf. Table I . According to the EXAFS, the holmium environment is characterized by a broad distribution of Ho-O distances (2.2-2.4 Å with a mean coordination number about 8). Besides, the EXAFS results for holmium, in contrast to those for iron, discern no apparent further coordination shells. cf. Figs. 8(b) and 9(b). Meanwhile, vide supra, the EDXA data show that both iron and RE elements predominantly are gathered in the region of the particles. In order to explain this apparent discrepancy, one can suggest that while Fe ions enter inside the particles, the RE ions mainly concentrate at the particle surface contributing to form a more or less disordered "spin glass" shell. The importance of nanoparticle surface layer is well known, e.g., see Ref. 40 . In the particular case of magnetite nanoparticles formed in oxide glasses, from smallangle x-ray and neutron scattering data, Lembke et al. 2012) inferred the existence of a nonmagnetic surface layer surrounding a magnetically ordered nanoparticle core.
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IV. MAGNETIC CIRCULAR DICHROISM
As mentioned in the Introduction, the distinct features in a MCD spectrum correspond to electron transitions between ground and excited states of an ion in a CF. Since the energy of such transitions depends on the CF produced by close surroundings of the magnetic ion, the MCD spectrum is a powerful tool for identifying the crystal structure. The spectral dependence of the paramagnetic term, providing a major contribution to the MCD of magnetically ordered substances, is described by the equation
where h is the Planck constant, N is the number of active centres, C is a constant, B z is the magnetic field component along the direction of the light wave propagation, k is the Boltzmann constant, T is the temperature, x aj is the angular frequency of a transition from the ground to the excited state, x is the angular frequency of the light wave, and C aj is the transition linewidth. From Eq. (1), it is obvious that for sufficiently narrow spectral features maxima in the MCD spectra correspond to the electron transition energies. The MCD spectra are presented in Fig. 10 Fig. 10(a) . In the 16 000-22 000 cm À1 range, the spectra of all glasses coincide in shape with each other, see Fig. 10(b) , as well as with that of c-Fe 2 O 3 (curve 2 in Fig. 10(a) ) showing two main maxima at E 1 ¼ 20 800 and E 2 ¼ 18 500 cm À1 . In the 16 000-26 000 cm À1 range, the MCD spectrum of ferrite garnet (curve 3), in comparison with those observed in the glasses, shows somewhat shifted features of opposite sign and with different intensity ratio. The MCD spectrum of Fe 3 O 4 in the same range consists of two broad structureless features of opposite sign (curve 1). So, the MCD spectra shapes of the glasses studied in this work are in good agreement only with that of c-Fe 2 O 3 . Therefore, the nature of nanoparticles formed in these glasses can be reasonably assigned to electronic transitions in Fe 3þ ions in octahedral and tetrahedral sites in this spinel. In the 13 000-17 000 cm À1 range, the MCD spectra of the glass samples and that of Fe 3 O 4 are also quite different, see Fig. 10(c) . However, the agreement between the spectra of the glass (curve 3) and c-Fe 2 O 3 (curve 2) is less evident comparing to the 18 000-22 000 cm À1 range. Indeed, the general trends of the glass and c-Fe 2 O 3 MCD spectra, viz., a decrease in absolute value with the increase in wavelength and a sign change in the vicinity of 15 000 cm
À1
, are quite similar, however, the c-Fe 2 O 3 spectrum is structureless while the glass spectrum demonstrates distinct features at nearly the same positions for all samples; besides, it is temperature-dependent, cf. curves 3 and 4. Electronic transitions in the co-dopant RE ions either are totally absent in the range in question or occur with energies very different from those of the observed MCD peaks: 13 200 and 14 000 for Dy, 13 500 and 15 000 for Ho, and 15 700 for Er (in cm
). 43 So, the MCD features observed in this range can also be ascribed to iron ions. Note the similarity of the MCD shape shown in Fig. 10 to the MCD spectrum presented in Fig. 4 weak in the crystal, while in the glass their intensities are increased due to site distortions. Indeed, XANES has evidenced the occurrence of iron ions in non-centrosymmetric coordination, vide supra, in which case the d-d transitions become partially allowed. At higher energies, the change of the MCD sign is observed for all glasses; however, the point at which this change takes place is different for different samples, see Fig.  10(b) . Unfortunately, because of the high optical density, see Fig. 11 , the MCD spectra for E > 23 000 cm À1 could be measured only for sample 1.3. In this case, one observes a broad negative feature centred at ca. 24 000 cm À1 and a weak inflection about the point of the sign change. At lower temperatures, this inflection becomes more evident, Fig.  10(d) , so that the whole MCD spectrum of this glass acquires a close resemblance with that of c-Fe 2 O 3 , cf. Fig. 10(a) .
The magnetooptical effects in iron oxides have been discussed by several authors, and, as main types of transitions involved in these effects, CF d-d electron transitions and charge transfer transitions between a paramagnetic ion and its ligands or between ions in different sub-lattices have been considered. 28, 44 Using the well-known Tanabe-Sugano diagram 45 45 The B and D parameters obtained allow assigning other features observed in the MCD spectra to distinct CF transitions. It is obvious from Table IV that lower energy transitions also fit the CF scheme.
In the case of ferrite spinel, alongside with the CF transitions, other transition mechanisms should be considered. 44 The intervalence charge transfer (IVCT), i.e., an optically induced electron transfer between two neighbouring cation sites, can take place in compounds containing an element in two different oxidation states, e.g., in Fe 3 in tetrahedral sites. Indeed, in the second case, the transition is situated closer to the strong absorption band, and only in the region of this transition a feature in the absorption spectrum is observed. (In Fig. 11(a) , a kink is seen at ca. 20 800 cm À1 on the background of the strong absorption band.) The MCD features observed in the higher energy range, in principle, can be ascribed to all above-mentioned types of charge transfer transitions; a contribution of Larger radius ions, including Y and Bi, are known to occupy only octahedral sites in ferrite structure (more roomy in comparison with the tetrahedral sites), substituting for the Fe 3þ ions, [48] [49] [50] [51] and at lower doping levels (10-15 mol. %) undistorted spinel structure persists. At higher doping levels, another phase depending on the dopant nature is formed on spinel grain boundaries. For instance, NiGd x Fe 2Àx O 4 ferrite remains single phase for x < 0.3 (i.e., 15 mol. %), while for higher x a second orthorhombic phase is formed between the spinel grains, and in both phases the site symmetry can be distorted. 48 (Possibly, see Sec. III, in our case a second magnetically disordered phase containing the larger radius co-dopant ions is also formed at the surface of the nanoparticles.)
Replacing iron by larger radius ions expands the octahedral sublattice and squeezes the tetrahedral sublattice, 51 which can result in magnetooptical spectra changes. Considerable changes in polar Kerr effect spectra and optical constants have been found in doping cobalt ferrite by Gd, Tb, and Dy. 49 The intensity of transitions related with Fe 3þ ions in octahedral sites can decrease if the number of these ions is decreased because of substitution by a co-dopant. On the other hand, structural distortions can partly remove the parity selection rule and thus result in an increase of the CF transition intensities, as it was mentioned above. Depending on relative contributions of these two mechanisms, the MCD spectra can considerably change. In particular, structural distortions can provide conditions for the emergence of narrow spectral features observed in the lower energy range of the MCD spectra in the glasses, which are absent in the spectrum of c-Fe 2 O 3 film.
In summary, the MCD data suggest that the nanoparticles formed in glasses co-doped with iron and larger radius ions have a structure close to that of c-Fe 2 O 3 . The exact role of RE ions in the formation of the nanoparticles and their contribution to the MCD spectra of the glasses need further investigation. As it is seen from Fig. 11(a) , the optical absorption in the higher energy range is very strong, ruling out any practical use of the glasses in this range. A different situation is observed for the lower energy range (10-15) Â 10 3 cm À1 , see Fig. 11(b) . In this range, as-prepared glasses are characterized by a very low absorption allowing to resolve f-f transitions in RE ions. For thermally treated samples, the absorption is increased but this increase is compensated by the appearance of a broad Faraday rotation maximum centred near 14 Â 10 3 cm À1 (Fig. 11(c) ). Such characteristics make the glasses promising candidates for applications in near IR spectral range.
V. FIELD AND TEMPERATURE DEPENDENCES OF THE MAGNETIZATION
Typical dependences of the magnetization M on the magnetizing field B at different temperatures, as presented in Fig. 12 for as-prepared sample 1.1, follow the Brillouin functions. The temperature dependence of the inverse susceptibility is linear and its intersection with the temperature axis occurs at T ¼ 0 K as expected for diluted paramagnetic ions.
Taking into account the sample composition, see Table II,  we can C (2 h), respectively. The broadness of maxima in the ZFC curves is indicative of a large distribution in the particle sizes, larger particles being possibly frozen already at room temperature. Indeed, the irreversibility points (those of divergence between the ZFC and the FC curves) in Fig. 13 are close to 300 K; besides, the hysteresis loops for heat treated samples are observed at room temperature as well, see Fig. 14. At all temperatures, the hysteresis occurs in magnetic fields lower than ca. 0.05 T.
The increase in the FC and ZFC magnetizations observed below ca. 25 K (Fig. 13) for the major part can be accounted for by an increased contribution of diluted paramagnetic ions remaining not included into particles. The paramagnetic contribution also accounts for the change of the M (T) dependence below ca. 25 K, see Fig. 15(a) . Assuming the low-temperature magnetization increase to be entirely due to the contribution of diluted paramagnetic ions, from the FC magnetization curves we can describe these contributions by the corresponding Brillouin functions, see Fig. 15(b) . The difference between the experimental and the calculated curves can be used to estimate the part of paramagnetic ions included in the particles. As can be inferred from this figure, this part is about 90%. Figure 16 (a) shows the EMR spectra for sample 1.1 (asprepared Fe and Dy doped glass) taken at various temperatures. These spectra show two main features: a low-field one with the effective g-value g eff ¼ 4:3 accompanied by a plateau extending down to the fields corresponding to g eff ¼ 9:7, and a high-field one with g eff ¼ 2.0. Such spectra are typical of the electron paramagnetic resonance (EPR) of an assembly of diluted 6 S 5=2 ions in randomly distorted environment, the low-field and high-field features arising, respectively, from heavily and weakly distorted sites. 52 In order to highlight a paramagnetic nature of the resonance, the spectra amplitudes A in Fig. 16 have been multiplied by the absolute temperature T. It is clearly seen that for both the low-and high-field features the A Â T product remains nearly constant, as expected for diluted paramagnetic species in accordance with the Curie law. Meanwhile, a more detailed inspection of the spectra at different T shows that for the low-field feature the A 4.3 Â T product slightly decreases, whereas for the high-field feature the corresponding A 2.0 Â T product slightly increases with the increase in temperature. This behaviour can be related to a temperature dependence of the CF parameters, e.g., see Refs. 53 and 54. Note that no resonance signal related to the RE ions could be observed in these spectra series in the temperature range between 3 and 300 K.
VI. ELECTRON MAGNETIC RESONANCE
The EMR spectra of the same glass subjected to different heat treatment regimes are shown in Figs. 16(b) and 16(c), respectively, for samples 1.2 and 1.4. The treatment thoroughly modifies both the nature of the resonance and the character of the temperature dependences of the spectra. Indeed, in contrast to Fig. 16(a) , in Figs. 16(b) and 16(c) the relative spectra intensities at different temperatures have not been multiplied by T. Clearly, the overall spectra intensity does not follow the T À1 Curie law; rather, it remains roughly temperature-independent, so that at room temperature it exceeds by several orders of magnitude the EMR intensity in as-prepared glass. At liquid helium temperature, the g eff ¼ 4.3 and g eff ¼ 2.0 spectral features are still visible, superimposed with a new broad structureless resonance. With an increase in temperature, these features, as expected, decrease while the new resonance undergoes spectacular narrowing and, for sample 1.2, it gradually acquires a "two-line pattern" shape (a superposition of a narrow and a broad line, cf. Refs. 22 and 23). Moreover, a pronounced correlation is observed between the spectra width and the "apparent" resonance field. All these characteristics attest to a superparamagnetic nature of the new EMR spectrum, 55, 56 assigned to magnetic nanoparticles formed under heat treatment of the glasses. Besides, in Figs. 16(a) and 16(b) , in highertemperature spectra a distinct feature emerges with the resonance field about 0.1 T. This feature is most intense in Dy co-doped glasses, and the temperature dependence of its intensity suggests that it is related to some magnetically ordered species. Because of the superposition of this feature in Dy co-doped samples, we have chosen to computer simulate the EMR spectra in Ho co-doped glasses (samples 3.1 and 3.3) shown in Figure 17 . One can see that the spectra evolution with the measurement temperature in these samples is quite similar to that observed in Dy co-doped glass, meanwhile, the feature at ca. 0.1 T is either absent (for sample 3.1) or appears only in a restricted temperature range (for sample 3.3).
In order to extract meaningful information from the EMR data, we have carried out computer simulations of the EMR spectra. The formalism used has been described in detail earlier, e.g., in Refs. 54-56. The resonance fields have been calculated by an iterative procedure of minimizing the nanoparticle free energy approximated as
The first term in the right-hand side of Eq. (2) is the Zeeman energy, where l is the nanoparticle magnetic moment and B is the magnetizing field, the second term is the firstorder magnetic anisotropy energy with the corresponding constant K V , and the third term describes the contribution of 1 (a) and 3.3 (b) . The relative intensities are plotted as measured.
084331-11
the particle surface proportional to its area S and to the surface anisotropy constant K S . The fourth term represents the magnetostatic energy for ellipsoidal particles, where N is the demagnetizing tensor. The angular functions A V and A S depend on the magnetic symmetry; A S is usually assumed to possess uniaxial symmetry. 57, 58 As a major difference from our previous studies, in order to achieve satisfactory computer fits to the experimental EMR spectra in the present case it has been necessary to include the fifth term in the right-hand side of Eq. (2) accounting for an exchange coupling between the nanoparticle core and its shell, where K e is a constant and A e possess a unidirectional anisotropy. Such term has first been introduced by Meiklejohn and Bean 59, 60 and, more recently, considered in the context of magnetic nanoparticles. 57, 61 To account for the superparamagnetic EMR spectra, the magnetic parameters, as first suggested by de Biasi and Devezas, 62 have been "renormalized" through averaged Legendre polynomials P n ðcos aÞ , where a is the polar angle of the nanoparticle magnetic moment and n is chosen in accordance with the magnetic symmetry (n ¼ 1, 2, and 4, respectively, for unidirectional, uniaxial and cubic symmetry).
As far as the structure of the nanoparticles formed in the glasses co-doped with iron and larger radius ions has been identified as being close to that of c-Fe 2 O 3 , vide supra, it is natural to use the magnetic parameters of this compound. Unfortunately, we could not find data on temperature dependence of the magnetocrystalline anisotropy for c-Fe 2 O 3 ; therefore, at this stage we have limited ourselves to roomtemperature EMR spectra. Fig. 18 shows the best fits to the experimental results for two different heat treatment regimes. The fits have been obtained assuming core-shell nanoparticle structure and spheroidal nanoparticle core shape. Within such an assumption, the nanoparticle shape can be described by a single demagnetizing factor , with the demagnetizing tensor components parallel and perpendicular to the major axis given by Figure 18 shows best-fit computer simulations of the room-temperature EMR spectra of samples 3.1 and 3.3. The distribution densities of nanoparticle sizes and shapes (the latter characterized by the demagnetizing factor ) used in these simulations and the corresponding marginal distributions are shown, respectively, in Figures 19 and 20 .
Comparing the parameter distributions obtained for samples 3.1 and 3.3 shows that with the increase of heat treatment duration and temperature, both the average nanoparticle size and the distribution width of the volume fraction considerably grow. The latter distributions are qualitatively consistent with those obtained by SAXS for sample 5, see Fig. 7(c) . Meanwhile, the SAXS data, as compared to those obtained by EMR, suggest significantly larger nanoparticle sizes. This discrepancy can be explained by the fact that the SAXS is sensitive to the geometrical size of domains with higher mean electron density, including both the core and the shell of nanoparticles while EMR mainly accounts for the size of the magnetically ordered nanoparticle core. Besides, the EMR allows gaining some insight into the distribution of nanoparticle shapes. One can see from Fig. 20(b) that the latter only slightly changes with the heat treatment regime.
VII. SUMMARY AND CONCLUSIONS
Borate glasses doped with low contents of paramagnetic additives after a special heat treatment acquire amazing physical properties of "transparent magnets" due to magnetic nanoparticles formed in the course of the treatment and making them promising for various magneto-optical applications. In this work, we have focused on borate glasses co-doped with iron and larger radius elements: rare earths: Dy, Tb, Gd, Ho, Er, or Y and Bi. A "multitechnique" approach has been adopted in order to get comprehensive and reliable data on these extremely complex systems.
XRD, EXAFS, XANES, and SAXS have allowed obtaining a number of nanoparticle characteristics, in particular, the size distributions. However, the issue of particle structure has remained open; indeed, two different spinel structures-maghemite and magnetite-have proved to be consistent with the experimental results. This ambiguity has been resolved in MCD spectroscopic studies of samples subjected to heat treatment in parallel with thin films of crystalline maghemite, magnetite, and iron garnet. A comparison between the corresponding MCD spectra has allowed definite identification of crystalline structure of the nanoparticles formed as maghemite, regardless of the co-doping element (Dy, Tb, Gd, Ho, Er, or Y and Bi).
In the context of the numerous publications dealing with oxide glasses doped with iron oxide or co-doped with iron and other 3d metal oxides, this finding allows to conclude that RE or Bi and Y take a crucial part in the formation of the magnetic nanoparticles in the glasses. In the case of iron oxide doping, nanoparticles of magnetite (e.g., Refs. 5, 6, 9, 10, 14, and 16) or both hematite and magnetite 18 are formed. When two 3d metal oxides or Fe and non-magnetic metal (e.g., Mg or Zn) oxides are simultaneously introduced into the glass composition, nanoparticles with spinel structure containing both elements are formed, e.g., zinc 20 or manganese ferrite. 24 It should be pointed out that the glass samples reported in Ref. 24 and in the present work were fabricated in the same technological conditions.
A very interesting though somewhat surprising finding of the present study is the formation of nanoparticles of maghemite, i.e., ferrite spinel containing only Fe 3þ paramagnetic ions, in glasses with RE or Bi and Y additives. Though a detailed mechanism of such an effect is not yet clear, this result seems quite consistent as far as it is evidenced by both the diffraction and the MCD data. In this relation, the results of Ref. 65 can be mentioned, viz., introducing ErF 3 or SmF 3 into Na 2 O-K 2 O-BaF 2 -BaO-Al 2 O 3 -SiO 2 glasses led to a droplet phase separation in the course of heat treatment while in undoped glasses phase separation did not occur.
The magnetic field dependence of the static magnetization in the heat treated samples exhibits hysteresis loops with temperature-dependent characteristics. The ZFC and FC magnetization curves clearly demonstrate superparamagnetic behaviour, with blocking temperatures in the range from 120 to 210 K, depending on heat treatment regime. Besides, the magnetization data at very low temperatures (below 20 K) show a significant contribution from diluted paramagnetic ions dispersed in the glass matrix. The EMR shows that in as-prepared glasses the paramagnetic dopants are in diluted state and confirms the formation of magnetic nanoparticles already at earlier stages of heat treatment. A pronounced temperature dependence of the EMR spectra in heat treated samples attests to superparamagnetic nature of the nanoparticles formed. From the computer simulations of the EMR spectra, broad distributions of the nanoparticle sizes and shapes have been deduced, qualitatively corroborating the corresponding SAXS findings. measurements were supported via the Russian federal Contract No. 16.552.11.7003. The authors thank K. P. Polyakova for the preparation of thin films.
